The aim of this study to determine whether the aberrant N-glycosylated serum immunoglobulins (Igs) can be applied as a diagnostic marker of urothelial carcinoma (UC). Between 2009 and 2016, we randomly obtained serum available from 237 UC and also 96 prostate cancer as other cancer controls from our serum bank and also obtained-from 339 healthy volunteers (HV)-controls obtained from community-dwelling volunteers in Iwaki Health Promotion Project. A total of 32 types of N-glycan levels on Igs were determined by high-throughput N-glycomics and analyzed by multivariable discriminant analysis. We found five UC-associated aberrant N-glycans changes on Igs and also found that asialo-bisecting GlcNAc type N-glycan on Igs were significantly accumulated in UC patients. The diagnostic N-glycan Score (dNGScore) established by combination of five N-glycans on Igs discriminated UC patients from HV and prostate cancer (PC) patients with 92.8% sensitivity and 97.2% specificity. The area under the curve (AUC) for of the dNGScore was 0.969 for UC detection that was much superior to that of urine cytology (AUC, 0.707) and hematuria (AUC, 0.892). Furthermore, dNGScore can detect hematuria and urine cytology negative patients. The dNGscore based on aberrant N-glycosylation signatures of Igs were found to be promising diagnostic biomarkers of UCs.
Introduction
Urothelial carcinomas (UCs) are the eighth-most lethal cancer in men in the United States [1] . The majority of UCs originate from bladder, called UC of the bladder (UCB), and between 5% and 10% of UCs originate from the ureter or renal pelvis [2, 3] , which are collectively called upper urinary tract UCs (UTUCs), with a worse prognosis than that of UCB. The most common symptom is visible-or Table 1 . There were no statistically significant differences in age, history of smoking, benign prostatic hyperplasia (BPH) and stone former between both non-UC group and UC group.
Results

Downregulation of Asialo Biantennary
To detect UC, we performed multivariable discriminant analysis by inputting UCs event as an explanatory variable and the N-glycan level of Igs as objective variables and selected candidate N-glycans (complex biantennary type: m/z 1606, 1769, 2074; core fucosylated bisecting GlcNAc type: m/z 2118, 2423) that formed the most sensitive and specific combination for detection of UCs (Figure 1a-c and Table 2 ). The asialo biantennary type N-glycans (m/z 1606 and 2074) on Igs were significantly downregulated in the UC group compared with the levels in the HV and PC groups (p = 0.0001). Only the asialo biantennary type N-glycan (m/z 1769) on Igs was significantly downregulated in the PC group compared with the level in the UC and HV groups (p = 0.0001). The monosialyl bisecting GlcNAc with core fucosylated bisecting GlcNAc N-glycan (m/z 2423) was not significantly changed between UC and HV group, but significantly decreased in PC and UTUC group (p = 0.0001). Especially the asialo bisecting GlcNAc with core fucosylated N-glycan (m/z 2118) on Igs was significantly upregulated in UC group (p = 0.0001) but not detectable in HV and PC groups. However, total Igs level in UC patients was significantly lower than HV and PC patients (Figure 2a-d) . According to the synthetic pathway of N-glycans shown in Figure 1b and the above results, a downregulation of asialo biantennary type N-glycans and accumulation of asialo-bisecting GlcNAc with core fucosylated N-glycan on Igs may occur as a UC-associated aberrant N-glycosylation of Igs.
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UC Diagnostic N-Glycan Score Based on Aberrant N-Glycosylation of Igs Was Far Superior to Classic Urine Cytology and Hematuria Status
To apply these candidate aberrant N-glycosylation profile on Igs for UC detection, we established the UC diagnostic N-glycan score (dNGScore) that was calculated according to the following formula: (Figure 3a ). The AUC of dNGScore for prediction of UCs (for UCs, 0.969, for UCB, 0.993, for UTUC, 0.907, respectively) was much higher than that of hematuria (AUC, 0.892) and urine cytology (AUC, 0.707) ( Figure 3b and Table 3 ). At the cut-off dNGScore (−0.0955 points) for prediction of UCs, the negative predictive value (NPV) was 96.1%, which was much higher than the NPV of urine cytology (75.8%) and hematuria (89.5%). The dNGScore was not significantly associated with hematuria status and class of urine cytology (Figure 3d Intergroup differences were statistically compared using the Mann-Whitney U-test for non-normally distributed models.
To apply these candidate aberrant N-glycosylation profile on Igs for UC detection, we established the UC diagnostic N-glycan score (dNGScore) that was calculated according to the following formula: The dNGScore was significantly lower in the UC (UCB and UTUC) patients than in the non-UC group including HVs and PC (Mann-Whitney U-test: p = 0.0001, permutation test: p = 0.001) (Figure 3a,c) . The dNGScore of UCB was significantly lower than those of HV (Mann-Whitney U-test: p = 0.0001, permutation test: p = 0.012) and PC (Mann-Whitney U-test: p = 0.0001, permutation test: p = 0.0017) (Figure 3a) . The dNGScore of UTUC was also significantly lower than those of HV (Mann-Whitney U-test: p = 0.0001, permutation test: p = 0.014) and PC (Mann-Whitney U-test: p = 0.0001, permutation test: p = 0.0021) (Figure 3a) . The AUC of dNGScore for prediction of UCs (for UCs, 0.969, for UCB, 0.993, for UTUC, 0.907, respectively) was much higher than that of hematuria (AUC, 0.892) and urine cytology (AUC, 0.707) (Figure 3b and Table 3 ). At the cut-off dNGScore (−0.0955 points) for prediction of UCs, the negative predictive value (NPV) was 96.1%, which was much higher than the NPV of urine cytology (75.8%) and hematuria (89.5%). The dNGScore was not significantly associated with hematuria status and class of urine cytology (Figure 3d,e) , but significantly associated with invasiveness of UCB (Figure 3f ). muscle invasive bladder cancer, NI-UTUC: noninvasive UTUC, I-UTUC: invasive UTUC. Intergroup differences were statistically compared using the Mann-Whitney U-test for non-normally distributed models and performed permutation test.
Discussion
Several studies have shown that differences in serum N-glycan profiles between diseased and benign states analyzing high-throughput, comprehensive and quantitative N-glycomics may be useful in the diagnosis or prognosis of diseases [11] [12] [13] [14] 19] . A few studies have investigated the use of serum N-glycans as diagnostic markers for UC, including UTUC [13, 19] . Although these reports showed that the levels of highly branched sialylated N-glycans (m/z 2890, 3560, 3865) were increased in the sera of patients with bladder cancer [13, 19] , they did not identify carrier proteins of aberrant N-glycosylation. Furthermore, these highly branched sialylated N-glycans in serum were also significantly upregulated in plural cancer, such as prostate or kidney cancer [11, 12] . To identify which carrier protein is aberrantly glycosylated, in the present study, we focused on N-glycomics of serum major N-glycosylated protein such as Igs. We showed that, in total, five types of N-glycans, including bisecting GlcNAc-, biantennary-type N-glycans with or without core fucose in serum Igs fractions, were associated with UC detection (Figure 1 ). According to the biosynthetic pathway of N-glycans (Figure 1c) , bisecting GlcNAc N-glycans were synthesized from biantennary-type N-glycan by β1,4-N-acetylglucosaminyltransferase (GnT-III) and then modified terminal galactosylation and/or sialylation by galactosyltransferase and sialyltransferase. In this study, we found asialo biantennary-(m/z 1606 and 1769) and monosialyl biantennary-typed N-glycan (m/z 2074) and monosialyl bisecting GlcNAc-typed N-glycans (m/z 2423) were significantly decreased in UC patients and upregulated only asialo bisecting GlcNAc typed N-glycan (m/z 2118) on Igs in UC patients. Thus, we hypothesize asialo biantennary typed N-glycan on Igs was transformed to asialo bisecting type N-glycan on Igs by GnT-III activity and less sialyltransferase activity in UC patients and resulted in a decrease of biantennary and sialyl bisecting GlcNAc type N-glycan on Igs in UC patients. In addition, in the UTUC case, the level of monosialyl bisecting GlcNAc-typed N-glycans (m/z 2423) on Igs was significantly lower than that of UCB group. Thus, accumulation of asialo bisecting GlcNAc typed N-glycan (m/z 2118) was more of a UTUC-specific phenomenon than that of UCB. This suggests that aberrant N-glycosylation profile UTUC was little different from that of UCB. This difference may reflect the difference of tumor environment between bladder and urinary/renal pelvis, and/or may reflect different embryonic background of tumor origin. On the other hand, in PC case, upregulation of monosialyl biantennary-typed N-glycan (m/z 2074) and down-regulation of monosialyl bisecting GlcNAc-typed N-glycans (m/z 2423) is observed. This suggests that monosialyl biantennary-typed N-glycan (m/z 2074) on Igs is significantly accumulated in PC patients and might be the candidate aberrant glycosylation of prostate cancer detection. These aberrant N-glycosylation profiles of Igs were different from the whole serum aberrant N-glycosylation profiles obtained in previous studies [13, 19] . Thus, asialo bisecting type N-glycosylated Igs can be applied as a promising UC-specific diagnostic biomarker. To the best of our knowledge, this is the first report to demonstrate the clinical significance of aberrant N-glycosylated Igs as diagnostic biomarkers of UCs. It is well known that glycosylation of Igs has a critical role in the development of diseases. Wuhrer et al. reported that asialo bisecting type N-glycosylated IgG induced anti-inflammatory response and agalactosyl bisecting type N-glycosylated IgG induced pro-inflammatory response in cerebrospinal fluid [20] . Overproduction of aberrantly glycosylated IgA1 has a key role in the development of IgA nephropathy [21] . A recent report suggested that antibody-mediated rejection after kidney transplantation is closely associated with the levels of immunomodulatory sialylated IgG antibodies [22] . Furthermore, Kazuno et al. reported that α2,6-sialylated IgG was significantly decreased in prostate cancer immunoreactions [24] . Rademacher et al. reported that agalactosyl bisecting GlcNAc type N-glycoslated IgG was increased in rheumatoid arthritis patient and related autoimmune disease [23] . From these observations, aberrant glycosylated Igs appear to change their glycans because of disease-associated immunoreactions. In a future study, we will examine N-glycosylation profile of Igs between benign disease and UC patients to address the UC associated aberrant glycosylation on Igs are part of inflammatory response.
In the present study, the dNGScore, combination of 5 N-glycans including biantennary and bisecting GlcNAc, clearly discriminate UC from healthy controls and prostate cancer patients with 92.8% sensitivity and 97.2% specificity. Our results also suggested that the level of dNGScore was not related to urine cytological classifications and hematuria (Figure 3d,e) , which suggested a higher predictive value for urine cytology-negative (<Class IV) cases and hematuria negative cases. In addition, dNGScore can discriminate both low-and high-grade non-muscle invasive bladder cancer as well as muscle invasive bladder cancer. This suggests that the dNGScore may be useful for early diagnosis of UCB.
The limitations of the present study were its small sample size, retrospective nature, selection bias, lack of independent validation group and non-clinical setting. Therefore, the results obtained in this study have to be regarded as preliminary and need further validation study. Because urine cytological results are not reliable in patients with early stage UCs, including UTUC, a large-scale prospective validation study in a natural cohort of patients with hematuria is required. In addition, the usefulness of regular follow-up for detecting recurrence after surgery remains unclear; furthermore, a large-scale prospective follow-up study after surgery was also needed. In addition, this study did not include patients with benign diseases or infections such as calculi, UTI, cystitis, prostatitis. Despite these limitations, the strength of the present study was that it is the largest to assess the implications of aberrant N-glycosyleted Igs for UCs detection. Our findings may be useful for detection of UC patients and identification of patients at urine cytology negative UC. Furthermore, to apply the routine clinical practice, we now developed lectin-sandwich immunoassay system to detect aberrant asialo bisecting GlcNAc type N-glycosylated Igs as described previously [28] .
Materials and Methods
Serum Samples
The present study was conducted in accordance with the ethical standards of the Declaration of Helsinki and approved by the institutional review board of Hirosaki University School of Medicine ("study about carbohydrate structure change in urological disease"; approval number: 2014-195, approval date: 22 December 2014). Written or verbal informed consent was obtained from all serum donors. Between 2009 and 2016, we randomly selected serum available 237 patients with UC and also 96 patients with prostate cancer as other cancer controls from our serum bank. Serum from any clinical treated patients were excluded. We also obtained from 339 healthy controls selected from community-dwelling volunteers in the health maintenance programme of Iwaki Health Promotion Project [19, 29] . All serum samples were collected at the first visit and stored at −80 • C until use. All tumors were staged according to the 2017 tumor-node-metastasis classification, 8th edition [30] . Histological classification of UC was performed according to the World Health Organization 1973 and 2004 grading systems [31] . Urine cytology classification was performed according to guideline of The Paris System working group [32] . Patient demographics are shown in Table 1 .
Purification and Quantification of the Igs Fraction from Serum
Each serum sample (100 µL) was applied to the center of the Zeba™ Spin desalting resin plate (Thermo Fisher Scientific, Waltham, MA, USA) equilibrated with phosphate-buffered saline and centrifuged at 1000× g for 2 min. The flow-through was collected as buffer-exchanged serum (100 µL). Purification of Igs fraction performed by using Melon™ Gel Spin Purification Kit (Thermo Fisher Scientific) according to the instructions. Buffer-exchanged serum (100 µL) was applied to the center of the Melon Gel resin equilibrated with purification buffer. After 5 min incubation, the Melon Gel resin was centrifuged at 1000× g for 2 min and the flow-through was collected as a purified Igs fraction. A 10-µL aliquot of the Igs fraction was subjected to N-glycomics. To confirm the purity of the Igs fraction, the Melon Gel flow-through Igs fraction was subjected to SDS-PAGE and stained with CBB. Igs (total IgG, IgM and IgA) levels of purified Igs fraction were measured by using a Bio-plex Pro Human Isotyping 6-plex kit (Bio-Rad Laboratories, Hercules, CA, USA) according to the instructions.
Serum N-Glycomics of Igs Performed by Using the Glycoblotting Method and Mass Spectorometric Analysis
N-glycomics was performed as described previously. A 10-µL aliquot of the purified Igs fractions were analyzed using the glycoblotting method [11, 12, 15, 33] on a Sweetblot instrument (System Instruments, Hachioji, Tokyo, Japan). Then, the resulting benzyloxiamine (BOA)-labelled glycans were detected by matrix-assisted laser desorption time-of-flight (MALDI-TOF) mass spectrometry (Ultraflex 3 TOF/TOF mass spectrometer; Bruker Daltonics, Bremen, Germany) ( Figure A1a-f) . Composition and structures of the glycans were predicted using the GlycoMod Tool (available online: http://web.expasy.org/glycomod/) (Table A1 ). Quantitative reproducibility test of each N-glycans levels were then evaluated as described previously [19] .
Statistical Analysis
Statistical analyses of clinical data were performed using SPSS v.22.0 (IBM Corporation, Armonk, NY, USA) and GraphPad Prism v.6.03 (GraphPad Software, San Diego, CA, USA). Categorical variables were reported as percentages and compared using the Fisher exact test. Age data were expressed as medians with 25th and 75th quartiles (Q1, Q3). Differences between the groups were statistically compared using the Student t-test for normally distributed data or the Mann-Whitney U-test for non-normally distributed data. Multivariable discriminant analysis for detection of UCs was performed by inputting UC event as an explanatory variable and N-glycan level as an objective variable. The diagnostic N-glycan score was calculated by multiplying candidate N-glycan levels by each discriminant function value. The diagnostic performance of N-glycan scores was evaluated using receiver operating characteristic (ROC) curve analysis developed using the library "rms" in R (available online: http://www.r-project.org/), and statistical differences between area under the curves (AUCs) were calculated using the same programme [34] . In order to assess the significant difference among two group of subjects we implemented a permutation tests and calculate permutation p value [35] . Differences with p < 0.05 were considered statistically significant.
Conclusions
In conclusion, aberrant N-glycosylation profiles of Igs determined by N-glycomics may be useful as diagnostic biomarkers for identifying UC patients. Future large-scale prospective validation studies are of vital importance. Figure A1 . The general protocol for the integrated glycoblotting technique and workflow for glycoblotting-based high-throughput clinical glycan analysis. (a) Ten-microliter serum Ig fraction samples were applied to SweetBlot™ (System Instruments, Hachioji, Japan) for glycoblotting; (b) Coomassie brilliant blue (CBB)-stained band patterns on a sodium dodecyl sulfate-polyacrylamide gel for representative whole serum and purified Ig fraction samples; (c) After enzymatic N-glycan cleavage from Ig proteins, the total N-glycans released into the digestion mixture were directly mixed with BlotGlyco H beads (Sumitomo Bakelite, Co., Tokyo, Japan) to capture N-glycans; (d) After the beads were separated from other molecules by washing, sialic acid was methyl esterified; (e) These processed N-glycans were then labelled with benzyloxyamine (BOA) and released from BlotGlyco H beads; (f) Mass spectra of BOA-labelled N-glycans from Ig fractions were acquired using an Ultraflex III instrument (Bruker Daltonics, Germany). Total 32 type of N-glycans were identified in Igs fraction. Identified N-glycan structures are indicated by monosaccharide symbols: white circles, galactose (Gal); black circles, mannose (Man); black squares, N-acetylglucosamine (GlcNAc); black triangle, fucose (Fuc) and black diamonds, sialic acid.
